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Summary

Background: Altered coronary reactivity is frequent
in women with findings of myocardial ischemia without
significant obstructive disease. This suggests a defect in
coronary microvascular function. The adenosine-related
component of this altered reactivity has been described
in male and mixed gender populations, while the factors
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influencing this component of coronary reactivity in
symptomatic women have received limited attention.
Accordingly, the relationship between adenosine-related
microvascular coronary reactivity and risk factors in
symptomatic women evaluated for suspected ischemia
remains uncertain.

Hypothesis: Abnormal coronary microvascular reac-
tivity to adenosine is predicted by atherosclerosis risk
factors in women.

Methods: As part of the NHLBI-sponsored Women’s
Ischemia Syndrome Evaluation (WISE), we investi-
gated the relationship between risk factors and coronary
microvascular reactivity as flow velocity reserve to intra-
coronary adenosine (CFVRAdo) in 210 women referred
for angiography to evaluate suspected ischemia.

Results: Univariate analyses identified associations
between CFVRAdo and multiple risk conditions; how-
ever, after adjusting for age, none remained significant.
The best multivariable model using combinations of risk
conditions to predict CFVRAdo yielded an R2 of only
0.18.

Conclusions: Among women with suspected ischemia,
risk factors account for <20% of observed variability
in CFVRAdo. Therefore, other as yet unidentified fac-
tors must primarily account for coronary microvascular
reactivity to adenosine.
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Introduction

Women with chest discomfort suggesting myocardial
ischemia are less likely than men to have obstruc-
tive coronary artery disease (CAD)1 but have sub-
stantial risk for repeated testing, hospitalization, and
disability.2 Altered coronary reactivity, proposed as a
mechanism contributing to these findings, has been
linked to risk factors and proinflammatory processes
promoting atherosclerosis and is related to adverse out-
comes.3–14 Coronary reactivity may be tested by sev-
eral stimuli. The vasodilator stimulus is often adeno-
sine (Ado) and a gender-specific contribution to Ado-
induced coronary arteriole dilation has been reported.15

In the Women’s Ischemia Syndrome Evaluation (WISE),
diminished reactivity was frequent even without obstruc-
tive CAD.1 Myocardial perfusion alterations in response
to Ado–induced vasodilation are not infrequent in
women without obstructive CAD16 and do not neces-
sarily correlate with endothelial dysfunction.17 Yet, our
understanding of variables associated with Ado-mediated
coronary microvascular reactivity is incomplete. There-
fore, we investigated the relationship between atheroscle-
rosis risk conditions, including inflammatory markers
and coronary microvascular reactivity, to Ado in women
referred for coronary angiography.

Methods

The WISE is a National Heart, Lung, and Blood Insti-
tute (NHLBI)-sponsored study to improve the diagnostic
evaluation of ischemic heart disease in women. Institu-
tional Review Boards at each site approved the protocol,
which is in accordance with the Declaration of Helsinki.
Written informed consent was obtained from each partic-
ipant. Data were monitored by an independent Data and
Safety Monitoring Committee. Of 936 women undergo-
ing clinically indicated angiograms, a subgroup of 210
had coronary reactivity testing at the Universities of
Florida and Pittsburgh sites. These women gave informed
consent to add this testing, had no stenosis warranting
intervention, and had an appropriate coronary segment
for Doppler flow recording. Details of the WISE protocol
and design are published.18

Baseline evaluation included comprehensive clinical
and laboratory data (Table 1). Inflammatory markers
were measured from blood collected at entry, frozen on
site (−70 ◦C) and analyzed by core lab. Serum amyloid
A and high-sensitive-C-reactive protein (hs-CRP) were
measured on a Hitachi 911 analyzer (Roche Diagnos-
tics, Basel, Switzerland) by high-sensitivity methods.19

Reagents for hs-CRP were from Denka Seiken (Niigata,
Japan). Interleukin-6 was measured by enzyme-linked
immunosorbent assay (ELISA) (Quantikine hs human
interleukin-6, R&D Systems, Minneapolis, Minn.,
USA).20 Qualitative and quantitative coronary angio-
graphic analyses were done by core lab blinded to patient

data.21 Any >50% diameter stenosis was defined as
obstructive CAD, 20–50% as mild CAD, and <20% as
no CAD. A CAD severity score was defined as an aggre-
gate of % stenosis, extent and location of stenosis, and
degree of collateral vessels.21

Reactivity testing was performed in a left coronary
artery branch (e.g., left anterior descending [n = 157] or
circumflex [n = 53]) free of stenosis. A Doppler-tipped
guidewire (0.014-in FloWire, JOMED/Cardiometrics,
Mountain View, Calif., USA) was advanced through the
diagnostic catheter, and when a stable Doppler signal
was obtained, intracoronary bolus injections of 18 mcg
Ado (Adenocard, Fujisawa USA, Deerfield, Ill., USA)
were administered into the left main coronary artery.21

Coronary flow velocity was recorded at baseline and
after Ado (usually three times), with return to baseline
before each bolus. Pulsed-wave Doppler flow spectra
were used to calculate time-averaged peak velocity, and
all recordings were analyzed by core lab (University of
Florida). Coronary flow velocity reserve (CFVRAdo) was
defined as the ratio of hyperemic time-averaged peak
velocity after Ado to baseline time-averaged averaged
peak velocity.

Statistical Analyses

Values are expressed as mean ± standard deviation or
percentages. Correlation coefficients (Pearson or Spear-
man, depending on the normality of data distribution as
assessed by Shapiro-Wilk test) are used to examine the
relationship between the reactivity variable and continu-
ous risk conditions. For categorical risk conditions, two-
tailed t-tests and analyses of variance are used to test for
mean difference in reactivity variable. Linear regression
models examined effects of risk conditions on reactiv-
ity measures. Variables considered for inclusion in each
model appear in Table 1. Variables were then chosen for
entry into multivariable R-square models based upon uni-
variate associations. Numerous exploratory multivariate
combinations were examined, and a forward selection
procedure was used to determine the best models. These
analyses were done in all women and in a subgroup
without angiographic evidence of flow limiting stenoses
(e.g., �50% diameter reduction). All tests were two-
sided. Because these analyses were exploratory, p values
<0.1 were considered significant for the individual risk
condition results to enter into multivariable models.

Results

Baseline Characteristics and Coronary Reactivity

Pertinent baseline characteristics appear in Table 1.
Most (80%) women had no severe CAD: 49% had no
angiographic CAD, 31% had mild CAD, and only 20%
had obstructive CAD (Table 1). Comparing those with
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TABLE 1 Characteristics of women with coronary reactivity assessment

Characteristic % Characteristic Mean ± SD

White/Caucasian 83 Years of age (n = 210) 54.8 ± 9.7
History of Years since last menses 18.9 ± 10.6

Diabetes mellitus 25 Body mass Index (kg/m2) 32.2 ± 7.9
Hypertension 55 Systolic blood pressure (mmHg) 135 ± 21
Dyslipidemia 54 Diastolic blood pressure (mmHg) 76 ± 11
Cigarette smoking currently 20 Duke Activity Status Index score 17.5 ± 15.1
Cigarette smoking in past 35 Total cholesterol (mg/dl) 183 ± 39
Menopause 76 HDL cholesterol (mg/dl) 50 ± 12

Family history of premature CAD 64 LDL cholesterol (mg/dl) 109 ± 35
Medication use current Triglycerides (mg/dl) 135 ± 103

Aspirin 52 Plasma glucose (mg/dl) 106 ± 48
Statin 22 Hemoglobin (g/dl) 12.7 ± 1.4
ACE inhibitor 24 Serum creatinine (mg/dl) 0.8 ± 0.2
Beta blocker 33 Ejection fraction (%) 65 ± 10

Medication use ever CAD severity score 9.0 ± 6.7
Hormone replacement therapy 58 Serum amyloid A (mg/dl) 1.1 ± 2.5
Oral contraceptive pills 63 C-reactive protein (mg/dl) 0.8 ± 1.5

Interleukin-6 (pg/ml) 3.8 ± 2.9
Coronary artery disease

None (<20% stenosis) 49%
Mild (20–50% stenosis) 31%
Obstructive (>50% stenosis) 20%

Abbreviations: ACE = angiotensin-converting enzyme, CAD = coronary artery disease, HDL =
high-density lipoprotein, LDL = low-density lipoprotein, SD = standard deviation.

no, mild, or obstructive angiographic CAD, the CFVRAdo

were 2.8 ± 0.7, 2.6 ± 0.7, and 2.4 ± 0.7, respectively
(p = 0.02 for trend).

Univariate analyses with continuous variables iden-
tified associations between decreasing CFVRAdo and
increasing age (p < 0.001), years since last menses
(p = 0.01), systolic blood pressure (SBP) (p = 0.02),
high-density lipoprotein (HDL) level (p = 0.02), serum
amyloid A level (p = 0.05), angiographic CAD severity
score (p = 0.01), and Duke Activity Status Index (DASI)
score (p = 0.02). Using univariate analyses with cate-
gorical variables, we found lower CFVRAdo was associ-
ated with histories of diabetes (p = 0.004), hypertension
(p = 0.03), dyslipidemia (p = 0.04), birth control pill
use (p = 0.02), current angiotensin-converting enzyme
(ACE) inhibitor use (p = 0.02), menopause (p = 0.07),
degree of angiographic CAD (p = 0.02), and family his-
tory of premature heart disease (p = 0.03). The other
CAD risk conditions (Table 1) including low-density
protein (LDL), CRP, and diastolic blood pressure did not
correlate closely with CFVRAdo. Figure 1 shows scat-
ter plots of CFVRAdo with several representative condi-
tions.

In the women with <50% angiographic stenoses (n =
153), we found univariate correlations between lower
CFVRAdo and age (r = −0.20, p = 0.02), years since last
menses (r = −0.21, p = 0.03), history of hypertension
(p = 0.07), and birth control pill use (p = 0.08). Notably,
in both the all patients and restricted analyses, none of
the variables had a p < 0.05 after adjusting for age.

Multivariate Modeling

The best multivariate models predicting reduced
CFVRAdo using combinations of traditional risk condi-
tions (such as age, diabetes, hypertension, dyslipidemia,
family history of premature CAD, post menopause, and
angiographic CAD severity score; or age, HDL level,
DASI score, smoking, diabetes, and family history of
premature CAD) only yielded R2 of 0.16 for CFVRAdo.
When inflammatory markers were included, serum amy-
loid A level was the only marker that contributed, result-
ing in an R2 of only 0.18. This indicates that, while
associations do exist between recognized atherosclerosis
risk conditions and coronary microvascular reactivity in
these women, these conditions account for <20% of the
observed variability in CFVRAdo.

Discussion

Although CFVRAdo significantly decreased as degree
of angiographic CAD increased, most (80%) of these
women had no obstructive CAD. Although prior studies
indicate that flow responses to Ado depend on smooth
muscle and endothelial function at the level of both the
coronary epicardial and microvessels, our patients had
no obstructive lesions in the left coronary branch where
flow was measured. So it is unlikely that epicardial coro-
nary dilation contributed significantly to CFVRAdo. Our
findings confirm previous reports of impaired coronary
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FIG. 1 Correlation between coronary reserve and age (A), BMI (B), HDL level (C), SBP (D), DASI score (E), and CAD
severity score (F). CFVRAdo = coronary flow velocity reserve with intracoronary adenosine, BMI = body mass index, HDL
= high-density lipoprotein, SBP = systolic blood pressure, DASI = Duke Activity Status Index, CAD = coronary artery
disease.

microvascular reactivity to Ado1,22,23 in women, includ-
ing those without obstructive CAD. Yet, in the WISE,
such women had a surprisingly high risk for adverse
cardiovascular events during follow-up.24,25 Our results
indicate that, while a large number of atherosclerosis
risk conditions were associated with CFVRAdo, age was
the only independent predictor regardless of severity
of angiographic coronary atherosclerosis. In multivariate
modeling with both traditional and newer atherosclero-
sis risk conditions, including body mass index (BMI)
and inflammatory markers, risk conditions accounted for
a small portion of CFVRAdo variability. Thus, these

conditions are unlikely explanations for the major com-
ponent of Ado-related microvascular dysfunction. Other
studies indicate that a substantial portion of variability in
endothelial-dependent coronary reactivity also remains
unexplained by traditional risk factors.3 An alternate
interpretation would be that CFVRAdo variability reflects
an Ado-mediated endothelial action; however, most of
the women in the WISE have endothelial dysfunction,5,6

so it is not likely that endothelial-mediated dilation
would be prominent. Also, there is evidence indicat-
ing that the response to true endothelium-independent
vasodilators such as nitroglycerin is impaired in patients
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with traditional risk factors.26 The implications of our
findings are that novel risk conditions for reduced coro-
nary microvascular reactivity merit further investigation.

Our univariate analyses revealed some interesting
associations. The inverse association of CFVRAdo with
serum amyloid A levels is intriguing, as serum amyloid
A levels predicted CAD and adverse outcomes in the
WISE.27 The univariate association of CFVRAdo with
both endogenous and exogenous hormone exposure (e.g.,
years since last menses and birth control pill use) could
relate to delayed onset of coronary disease in women
compared with men, indirectly implying a protective
effect of endogenous female hormones. Higher HDL
levels and current ACE inhibitor use correlating with
lower CFVRAdo are likely chance occurrences consider-
ing the large number of variables examined. High-density
lipoprotein and ACE-inhibitor use were not indepen-
dently associated with CFVRAdo after adjusting for age.

Study Limitations

Although this is the largest group of women under-
going coronary reactivity testing with Ado, they had
symptoms and signs of myocardial ischemia prompting
referral for coronary angiography; therefore, an indica-
tion bias limits generalization of our results to other
patient groups. Heterogeneity of the study population in
terms of age, BMI, BP, CAD severity, and hormonal
state may have precluded delineation of statistically
significant associations between individual risk factors
and CFVRAdo. Unknown factors, including individual
variability in Ado dose-responses or the microvascular
effects of individual risk conditions, could potentially
affect CFVRAdo. While similar doses of intracoronary
Ado provide near-maximal increase in coronary flow in
90–92% of cases,28 the 18 mcg dose may not have
achieved maximal hyperemia in every patient.29 Also,
no systematic assessment of left ventricular hypertrophy
was undertaken. Although this could influence CFVRAdo,
an echocardiographic analysis from a WISE cohort sug-
gested that limited CFVRAdo could not be explained by
left ventricular hypertrophy.1 The ratio of hyperemic to
resting flow velocity depends on the level of flow at rest
and, thus, may be diminished by higher resting coronary
flow velocities (e.g., higher heart rate, BP, or both). For
this reason it is possible that the age-dependent decline
in CFVRAdo observed is related to previously reported
age-related progressive increase in resting SBP. Never-
theless, previous analyses from WISE documented that
CFVRAdo agrees closely with volumetric flow reserve.24

Furthermore, the association between age and CFVRAdo
persisted after controlling for SBP.

Conclusions

In women undergoing angiography for suspected
ischemia, the coronary flow response to Ado is often

impaired. While this response was associated with risk
conditions for atherosclerosis, these conditions account
for <20% of the observed variability in Ado-related
coronary reactivity. Further investigations of novel risk
factors for altered coronary reactivity as well as the
outcomes of these women are warranted.
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